Displacement-based measurement systems are becoming increasingly popular for assessment of force expression variables during resistance exercise. Typically a linear position transducer (LPT) is attached to the barbell to measure displacement and a double differentiation technique is used to determine acceleration. Force is calculated as the product of mass and acceleration. Despite the apparent utility of these devices, validity data are scarce. To determine whether LPT can accurately estimate vertical ground reaction forces, two men and four women with moderate to extensive resistance training experience performed concentric-only (CJS) and rebound (RJS) jump squats, two sessions of each type in random order. CJS or RJS were performed with 30%, 50%, and 70% one-repetition maximum parallel back squat 5 minutes following a warm-up and again after a 10-min rest. Displacement was measured via LPT and acceleration was calculated using the finite-difference technique. Force was estimated from the weight of the lifter-barbell system and propulsion force from the lifter-barbell system. Vertical ground reaction force was directly measured with a single-component force platform. Two-way random average-measure intraclass correlations (ICC) were used to assess the reliability of obtained measures and compare the measurements obtained via each method. High reliability (ICC > 0.70) was found for all CJS variables across the loadspectrum. RJS variables also had high ICC except for time parameters for early force production. All variables were significantly (p < 0.01) related between LPT and force platform methods with no indication of systematic bias. The LPT appears to be a valid method of assessing force under these experimental conditions.
The measurement of variables related to force expression during resistance exercise provides an indication of acute and chronic adaptations to training. Production of muscle force is a function of neural activation, muscle cross-sectional area, and contractile protein interactions (Häkkinen, Komi, & Alén, 1985; Siegel, Filders, Staron, & Hagerman, 2002) . The application of force results in changes in velocity, and consequently in motion of the limbs.
Force and force related parameters have been measured using isometric (Häkkinen et al., 1985; Viitasalo, Saukkonen, & Komi, 1980) , isokinetic (Weiss, Relyea, Ashley, & Propst, 1996) , and dynamic constant external resistance modalities (Bosco, Belli, & Astrua, 1995; McBride, Triplett-McBride, Davie, & Newton, 1999; Rahmani, Dalleau, Viale, Hautier, & Lacour, 2000; Siegel et al., 2002) . The latter systems have attempted to calculate force data by measuring displacement using a linear position transducer (LPT) or similar type of device (Harman, 1995) . The LPT provides an output voltage proportional to the position of a tether. Inverse dynamic equations are applied to determine kinetics from the kinematics. A limitation to these modalities is that measurement is typically performed using machine exercises, which affects the body's ability to move freely as occurs in most sports (Stone, Plisk, & Collins, 2002) .
Traditionally the inverse dynamics approach is applied to motion analysis data; however, this modality is time-consuming and not typically available in coaching or clinical settings. The use of voltage output devices is a simpler method, but the validity of this method has not been established. A concern with this modality arises from the point of attachment of the LPT tether to the barbell. This may limit the measurements to the kinematics of the barbell only, and not the lifter-barbell system. Some researchers have included mass of the lifter to the barbell in order to calculate system force, rate of force development (RFD), and power (Baker, Nance, & Moore, 2001) ; however, this technique has not been validated.
This study was conducted to determine the validity of the LPT in measuring free-weight resistance exercise force by comparing these measurements with vertical ground reaction forces (VGRF) measured directly with a force platform.
Methods
Two men and four women (mean ± SD age 24.83 yrs ± 3.31; mass 76.24 kg ± 25.90; height 170.42 cm ± 4.01) with moderate to extensive resistance exercise training background participated subsequent to written informed consent as approved by the institutional review board of the University of Memphis. Participants were required to have at least 6 months current resistance exercise experience, including performance of the parallel back squat.
They undertook two practice sessions of concentric-only (CJS) and rebound (RJS) jump squats. Jump squats were performed by squatting with a loaded barbell until the back of the thigh touched an elastic cord set so that vertical bar displacement was 10% of the participant's height. This has been observed anecdotally as the optimal displacement during the dip phase of the jerk in weightlifting, a movement similar to jump squats and known to result in high power output (Garhammer, 1993) . For CJS, participants paused in the bottom position for an audible four-count before proceeding to the concentric action. For RJS, they performed the concentric action immediately after touching the elastic cord.
During the second practice session, each participant's one-repetition maximum (1-RM) in the parallel back squat was determined. Single repetitions were performed with successively increasing loads. A lift was successful if the participant could descend until the inguinal fold was lower than the patella and then rise without help, as per International Powerlifting Federation rules (2002) . For all squats, supportive equipment such as a weight training belt were not allowed. Mean 1-RM relative to body mass was 1.41 ± 0.57 kg·kg body mass -1 . Reliability was assessed with a test-retest design. Four testing sessions were conducted over a 2-week period, CJS for two sessions and RJS for the remaining two sessions. The order of test sessions was randomized. Each session involved a brief warm-up with successively increasing loads. A 5-min rest period was provided prior to the test jumps. CJS or RJS were performed with 30%, 50%, and 70% 1-RM with 1-min interset rest intervals. A 10-min rest was taken and the jumps were repeated.
Jump squats were performed on a single-component force platform capable of measuring VGRF (Major, Sands, McNeal, Paine, & Kipp, 1998 ). An LPT (P510-80-NJC-004-TS; Unimeasure, Corvalis, OR) was placed to the right of the force platform and the tether was attached medially to the revolving collar of a weightlifting barbell. With the participant standing, the LPT tether was vertically aligned, perpendicular to the floor (Figure 1) . The LPT had a resolution of 4.920 mV·mm -1 and a repeatability of 0.015% of the full-scale voltage output. The retraction tension of the tether was 1.4 N, a negligible amount relative to the loads and forces in this study. A 0-20 vdc signal from the force platform and a 0-5 vdc signal from the LPT were channeled via coaxial cables through a 12-bit analog-todigital conversion system (Ariel Dynamics, San Diego) interfaced with a Pentium II computer. Data were sampled simultaneously using the Ariel Performance Analysis System (Ariel Dynamics) at a sampling frequency of 500 Hz.
Data were analyzed using BioProc2 software (D.G.E. Robertson, author/ provider, Ottawa, ON). Both data signals were low-passed filtered using a 4th-order recursive Butterworth with a 50-Hz cutoff frequency. The cutoff frequency was selected following Fourier analysis of the power spectrum. Velocity and acceleration were calculated using the finite-difference technique (Winter, 1990) . Gravitational acceleration was added to the calculated acceleration, which was subsequently multiplied by the mass of the participant and barbell to obtain force. At this point the calculated force-time data were digitally filtered again with a 50-Hz cutoff frequency to reduce noise, which may have been magnified following differentiation (Winter, 1990) . Analysis of pilot data, including Fourier analysis of the power spectrum, revealed that the repetitive application of the filter was more effective at reducing noise without losing the signal than was a single application with a lower cutoff frequency.
Force platform and LPT instantaneous peak force and time to 20, 40, 60, 80, and 100% peak force were determined from the isometric and concentric portion of the exercise. The initiation of these phases was operationally defined as the point of lowest force. Force platform and LPT peak RFD were calculated using the finite-differences technique as described by Viitasalo et al. (1980) and the time of peak RFD was determined. Average RFD for the force platform and LPT were calculated as described by Chiu, Fry, Schilling, Weiss, and Kreider (2002) :
Two-way random, average-measure intraclass correlation (ICC) coefficients were calculated to determine the reliability of the individual measures and to compare force data with the LPT and force platform. The minimum acceptable ICC was set a priori at ICC = 0.70 (Baumgartner & Chung, 2001 ). All statistical calculations were performed using SPSS 11.0 (Chicago). Differences between magnitudes were assessed using the percent standard error of measurement (SEM).
Results
Reliability coefficients for CJS (Table 1) were high for all variables and did not appear to be dependant on the relative load. A number of variables for RJS (Table  1 ) also showed high reliability. Some time factors for early force production had poor reliability during RJS. As load increased, reliability was lower for the time to various percentages of peak force. Reliability coefficients did not differ between force platform and LPT modes.
High ICC were found for all measures comparing LPT calculations to force platform measurements for both CJS and RJS (Table 2) . Force values and time of occurrence were similar between both methods of measurement. These results indicate that LPT calculation of force parameters was representative of force platform measurements and that systematic bias was not present. Data from a representative trial are shown in Figure 2 . The mean ± SD for peak force were: 
Discussion
The estimation of VGRF during jump squats with kinematic data from an LPT was found to be valid compared to that directly measured from a force platform. CJS measures were highly reliable; however, time-dependent measures for RJS were not. The tempo of the eccentric phase was not controlled, thus differences in the rate of descent may affect the storage and utilization of elastic energy. This would affect the temporal pattern of producing force, even during the concentric phase. Timing factors appear highly variable as opposed to magnitude parameters. Using an isokinetic squat modality, Weiss et al. (1996) found high reliability for force and power measures but reliability coefficients were lower for time parameters.
The high ICC and low magnitude differences for calculating force variables from displacement measurement in comparison to a force platform indicates the potential validity of the LPT as a resistance exercise measurement device. Initial use of LPT and similar devices only calculated force using barbell mass, measuring only the force applied to the barbell (Wilson et al., 1993) . This may be appropriate for exercises such as the bench press in which the load displaced is primarily that of the barbell. However, for other exercises the displacement of the lifter's body accounts for a meaningful percentage of mechanical work. Baker et al. (2001) calculated system force and power by combining the mass of the participant and the barbell, but they provided no validation of this method. The current study validates this method for use with the CJS and RJS exercises. Cavagna's (1985) single integration method determines velocity of the center of mass from force data. The current investigation established criterion validity for the estimation of VGRF via double differentiation of the displacement-time curve obtained from an LPT. Although the LPT is attached to the barbell, the displacement of the barbell during jump squats may represent the displacement of the system's center of mass and the fact that both move in a vertical and linear path. It is important to note that this validation is only applicable to the studied movement, and a bar path for a larger range of motion squat may differ from that of the COM of the system. The current study has found the inverse dynamics approach valid for the exercises and technologies used.
It is interesting to note that during the flight phase, in which VGRF should be zero, the VGRF estimated from the LPT under-and overshoots this point. This phenomenon may be explained by the oscillation of the ends of the barbell. Thus, while the point of attachment of the LPT tether to the barbell acts as a rigid body during most of the squatting motion, the elastic characteristics of the barbell introduce error during the flight phase.
Although LPT technology has been used extensively for biomechanical measurement of resistance exercise, this method has not been previously validated. The criterion validity of using an LPT to measure force variables has been estab-lished, with comparison to a force platform. Additionally, this study used the novel approach of evaluating free-weight exercise as opposed to machine exercise. Although the LPT does not replace the force platform under all circumstances, it appears to be valid in the context of the protocols performed in this study. Furthermore, due to the high relationship with force platform measures, LPT technology provides a valid representation of the movement of the center of mass when attached to the barbell during CJS and RJS.
